Autocrine VEGF is necessary for endothelial survival, although the cellular mechanisms supporting this function are unknown. Here, we show that -even after full differentiation and maturation -continuous expression of VEGF by endothelial cells is needed to sustain vascular integrity and cellular viability. Depletion of VEGF from the endothelium results in mitochondria fragmentation and suppression of glucose metabolism, leading to increased autophagy that contributes to cell death. Gene-expression profiling showed that endothelial VEGF contributes to the regulation of cell cycle and mitochondrial gene clusters, as well as several -but not all -targets of the transcription factor FOXO1. Indeed, VEGF-deficient endothelium in vitro and in vivo showed increased levels of FOXO1 protein in the nucleus and cytoplasm. Silencing of FOXO1 in VEGF-depleted cells reversed expression profiles of several of the gene clusters that were de-regulated in VEGF knockdown, and rescued both cell death and autophagy phenotypes. Our data suggest that endothelial VEGF maintains vascular homeostasis through regulation of FOXO1 levels, thereby ensuring physiological metabolism and endothelial cell survival.
INTRODUCTION
Development of vascular networks requires paracrine stimulation of the endothelium through VEGF to induce growth and branching, which cannot be accomplished when even a single VEGF allele is ablated (Ferrara et al., 1996; Carmeliet et al., 1996) . However, autocrine VEGF expressed by the endothelium itself is optional for this particular process. Mice with deletion of VEGF in the endothelial compartment, i.e. VEGF endothelial cell knock out (VEGF-ECKO) animals, are largely viable and develop vasculature of normal appearance and density (Lee et al., 2007) . What is apparent in the VEGF-ECKO, however, is that over time they suffer from vascular degeneration resulting in premature death from strokes and hemorrhage (Lee et al., 2007) . These results imply a unique role for autocrine VEGF signaling: although autocrine VEGF is dispensable for the development of vessels, it is required for maintenance of endothelial viability.
Further straying from the actions of paracrine VEGF, which interacts with receptors at the cell surface, autocrine VEGF signaling occurs, at least in part, within the cell. Cell death in VEGF-deficient endothelium cannot be rescued by addition of exogenous VEGF, or even by co-culture with WT endotheliumthat could presumably supply endothelial-derived VEGF to neighboring cells (Lee et al., 2007) . These experiments suggest that VEGF, in a cell-autonomous manner, contributes to cell survival in a way that is independent of surface ligand/receptor interactions. These cell-autonomous responses are not exclusive to the endothelium, and have been also shown in hematopoietic cells (Gerber et al., 2002) and in some tumor cells (Lichtenberger et al., 2010; Samuel et al., 2010) .
Whereas endothelial responses to paracrine VEGF is well characterized, the signaling effects of autocrine VEGF are not well understood. For example, it has been observed that the endothelium upregulates VEGF in response to hypoxia in vitro (Namiki et al., 1995) and in several vascular beds in vivo (Maharaj et al., 2006; Lee et al., 2007; dela Paz et al., 2012) ; but to what purpose? In situations of tumor or organ growth, hypoxia-induced VEGF in tumor cells or other vascular-adjacent cells acts primarily as the chief paracrine source that elicits recruitment of blood vessels (Matsumoto and Claesson-Welsh, 2001 ), but the needs of the endothelium itself are quite different. Stable vessels experiencing hypoxia are not thought to undergo proliferation or remodeling and, instead, they must adjust their metabolic state to survive the cellular stress.
Paracrine VEGF promotes migration and proliferative responses. This is in contrast to autocrine VEGF signaling, which is poorly understood although endothelial VEGF is associated with upregulation of survival genes (Franco et al., 2011; Fan et al., 2014) . Because autocrine VEGF appears to be required for cell survival in situations of stress, we sought to investigate the specific cellular processes regulated by autocrine VEGF in endothelial cells.
RESULTS

Endothelial VEGF prevents vascular injury under hypoxic conditions
The need for cell-autonomous VEGF signaling in endothelial homeostasis has been demonstrated previously by using a constitutive deletion model that results in sudden death of a large proportion of adult animals (Lee et al., 2007) . Because the suddendeath phenotype was not completely penetrant, we postulated that VEGF is required for protection from certain types of stress that may incidentally occur in the adult. As endothelial VEGF expression is increased under hypoxic conditions (Namiki et al., 1995) , we tested the effects of low oxygen levels on Cre recombinase (Cre)-negative (controls) and VEGF-ECKO animals.
A cohort of VEGF-ECKO (n=24) and control (n=19) mice aged 8-12 weeks was exposed to intermittent hypoxia over a 5-week period. During this treatment period, three VEGF-ECKO deaths were recorded whereas the control group remained 100% viable. Directly after completion of the final treatment, all animals were harvested and assessed histologically for vascular-related lesions of the most affected organs (as described in Lee et al., 2007) . At baseline, histological analysis of VEGF-ECKOs revealed intestinal perforations, brain hemorrhage and heart fibrosis indicative of loss of vascular integrity (Fig. 1A) , similar to results reported previously (Lee et al., 2007) . However, the severity and penetrance of the injuries was highly increased once these animals were placed under hypoxic conditions. Evaluation of control and VEGF-ECKO mice under both conditions showed that, whereas incidence of at least one of those pathologies was noticed in 64.3% of VEGF-ECKO mice under normoxia, 91% of this group were affected under hypoxic conditions. Control animals were entirely protected from injury in the presence of endogenous VEGF during either normoxia or hypoxia (Fig. 1A) . Interestingly, we found that, although all lesion types were increased upon exposure of VEGF ECKO mice to hypoxia, the cardiac vascular beds were particularly susceptible to removal of VEGF (Fig. 1B) . These results suggest that, rather than recruit the growth of new vessels, the upregulation of endothelial VEGF prevents the onset of vascular lesions.
Autocrine VEGF is required continuously to maintain vascular integrity A caveat of the VEGF-ECKO model of constitutive deletion was the intrinsic difficulty to discern whether VEGF excision from the onset of endothelial specification carried developmental rather than homeostatic consequences to adult mice. Hypothetically, VEGF may be required in a small developmental time window for endothelial differentiation, after which it is no longer necessary. To discern between the need of VEGF in vascular homeostasis from its 'developmental' role, we generated an inducible model of deletion of VEGF in the endothelium. Tamoxifen-inducible deletion of VEGF in endothelial cells was accomplished by generating a new mouse line (referred to as VEGF-iECKO) that carries an inducible VE-CAD Cre transgene in the background of VEGF lox/lox. VEGF deletion in response to tamoxifen treatment in young adult mice resulted in sudden death of 33% of these animals by 50 weeks, indicating that autocrine VEGF is, indeed, required for homeostatic function of the adult endothelium (Fig. 1C) .
To define the requirement for continuous endothelial VEGF at the cellular level, we isolated endothelium from floxed-VEGF adults, and then ablated VEGF in culture by adeno-Cre exposure (Fig. 1D) . We found that, even after normal differentiation in a phenotypically WT environment (VEGF lox/lox Cre-negative), ablation of VEGF in vitro resulted in decreased cellular viability (Fig. 1D) . We further assessed the role of autocrine VEGF in a human endothelial cell model by depletion of VEGF from a confluent HUVEC monolayer. We subjected HUVECs to small interfering RNA (siRNA)-meditated knockdown of VEGF (KD-VEGF) and found that a reduction in VEGF transcripts (∼50%; Fig. 1E ) resulted in a striking loss of cells compared to controls after 3 days (Fig. 1F,G) , indicating high levels of cell death. Together, these results suggest that endothelial VEGF is required continuously for cell survival at the organismal level in vivo and at the cellular level in vitro.
Endogenous VEGF sustains endothelial cell viability and survival through signaling initiated in an intracellular compartment Although endogenous VEGF is clearly required for survival, we sought to determine whether the signaling responsible for maintenance of viability is analogous to the well-studied cell surface pathway or, whether signaling occurs through a different intracellular pathway. To answer this question, we first evaluated secreted and intracellular levels of VEGF in endothelial cells. Using a sensitive ELISA assay, we compared the levels of VEGF secreted from a confluent layer to those retained within the cells themselves ( Fig. 2A ).
An endothelial cell panel consisting of HUVECs, human dermal micro-endothelial Cells (HDMECs) and hemangioma endothelial cells (HemEC) were compared to a panel of tumor cells (T47D, MCF7, MDAMB and SW480). In contrast to non-transformed cells, we looked at a panel of cell lines from normal primary tissues including endometrial epithelial cells (Endo. Epithel), human umbilical mesenchymal stem cells (HUMSC) and myofibroblasts. We found that, although the levels of VEGF produced by endothelial cells were very low, a relatively large proportion of the protein (on average 60% retention) was retained within the endothelial cells. This was in stark contrast to non-transformed primary cells and tumor lines that retain only 1-8% of the VEGF made ( Fig. 2A) .
To test whether the endogenous internal VEGF is biologically relevant for cell survival, we exposed WT HUVECs to internal and external blockade of VEGF under serum-starved conditions. Anti-VEGF antibody was used to block extracellular VEGF, whereas internal and external signaling of VEGF receptor 2 (VEGFR2) was blocked by using the small-molecule inhibitor SU4312. HUVECs treated with a high dose of anti-VEGF antibody remained similarly viable compared with non-treated cells, whereas SU4312-treated cell cultures showed a drastic reduction in cell confluence (Fig. 2B ), similar to KD-VEGF cells (Fig. 1G ).
Cells were treated with saturating doses of inhibitors sufficient to block the signaling effects of even large amounts of exogenous recombinant VEGF (rVEGF), far in excess of endogenous VEGF Numbers at top and bottom of graph indicate the total levels of VEGF (as average VEGF in pg per well) from a confluent 6-well plate in medium or cell lysate (n=3-6). (B) Quantification of HUVEC survival over time during serum starvation ('C', control, gray), extracellular blockade of endogenous VEGF (B20 at 10 μg/ml, orange) or inhibition of intra-and extracellular activation of VEGFR2 (SU4312 at 4 μM, red). (C) Western blot analysis. Phosphorylation of VEGFR2 at Tyr1175 is efficiently blocked in rVEGF-treated (10 mg/ml) WT HUVECs when incubated with either anti-VEGF antibody (B20, 10 μg/ml) or the cell-permeant VEGFR2 (R2) inhibitor (SU4312, 4 μM). Numbers on the right indicate molecular mass in kDa. (D) Cellular viability of HUVECs after knockdown of VEGF by using siRNA is not rescued by addition of exogenous rVEGF throughout the experiment (n=3). NT, non-target control; NS, not significant. (E) Viability of endothelial cells isolated from adult WT or VEGF-ECKO mice treated with exogenous rVEGF (100 ng/ml) or infection with adenoviral VEGF (n=10), *P<0.05, **P<0.0005. (F) Top row: representative images of cell death in HUVECs cell death is indicated by fluorescent signals of YOYO-1. Bottom row: examples of object counting used for quantification (red crosses). Scale bar: 100 μm. (G) Cell death assessed over 24 h by using YOYO-1 in WT or KO-VEGF mouse endothelium, either untreated or treated with rVEGF (100 ng/ml), or infected with lentiviral-VEGF, n=9. levels. To demonstrate the robustness of the inhibition, we treated WT HUVECs with a high concentration of rVEGF (100 ng/ml) and either with or without VEGF2 inhibitor (SU4312) or antibody against VEGF (B20), and probed for phosphorylation of VEGFR2 at Tyr1175, a main VEGF-dependent auto-phosphorylation site (Fig. 2C ). Both treatments completely prevented phosphorylation of Tyr1175 due to this high dosage of exogenous VEGF, and readily overcame signaling resulting from the low levels of endogenous endothelial VEGF. Together, these results suggest that endothelial cells are dependent on an endogenous intracellular source of VEGF for their survival.
Throughout these experiments, a relatively trivial explanation to the findings is that loss of VEGF from the endothelial compartment decreases the local supply of VEGF available to the cell, thus restricting signaling of surface receptors. To explore whether loss of autocrine VEGF can be rescued by simple supplementation of exogenous VEGF, rVEGF was added to confluent cultures that had been previously exposed to siRNA KD-VEGF to remove endogenous stores (Fig. 2D) . Addition of daily exogenous VEGF throughout the 5-day knockdown procedure did not alleviate the cell death phenotype. It should be noted that, whereas VEGF is a potent mitogen, addition of rVEGF to non-targeting siRNA (KD-NT) did not result in an increase in cell numbers because the experiment was performed in a confluent monolayer of cells. We also assessed cell viability in vitro with endothelium isolated from VEGF-ECKO adult mice in the presence and absence of exogenous VEGF. Again, the cell viability defect of VEGF-ECKO could not be rescued by addition of exogenous rVEGF (Fig. 2E) . In contrast, infection of VEGF-ECKO cells with adeno-VEGF increased viability to WT levels (Fig. 2E ). This result suggests that rescue can only occur if VEGF is delivered intracellularly and that an endothelial source of VEGF, rather than just the total amount, is essential.
The determination of cell viability in murine ECKO cells could not perfectly distinguish between decrease in proliferation or promotion of cell death, thus we sought to directly investigate the rate of cell death in a confluent monolayer of cells that had lost VEGF expression. Increased cell death was confirmed using endothelial cells derived from VEGF lox/lox mice exposed to adeno-Cre in vitro to generate VEGF-knockout (KO-VEGF IMEC) and relative control (WT IMEC) endothelium. Cell death was assessed in real time by using a cell-impermeant DNA dye in 2-hour increments over 24 h and we observed that KO-VEGF mouse endothelial cultures had a high incidence of cell death during serum starvation when compared to cultures with wild-type levels of VEGF (Fig. 2F,G) . To test whether extracellular VEGF can rescue this phenotype, KO-VEGF murine endothelial cells were further treated with exogenous rVEGF, which did not significantly alter viability (Fig. 2G) . However, infection of KO IMECs with lentiviral VEGF resulted in a clear rescue of phenotype and decrease in cell death with numbers that approached WT levels (Fig. 2F,G) , suggesting that VEGF is directly expressed by the endothelium itself and it has cell-autonomous effects.
Lack of VEGF results in mitochondrial fragmentation and metabolic collapse
To further clarify the specific mechanism of cell demise, we first evaluated apoptosis. Interestingly, in cell culture, classic indicators of apoptosis, such as cleaved caspase 3 and cleaved PARP, were not easily detected in KD-VEGF cells, although they could be induced by treatment with staurosporine ( positive control; see supplementary material Fig. S1A ,B). We additionally performed TUNEL assays on KD-VEGF and control cells and, although we saw a few TUNEL-positive cells, we found that the number of TUNEL-positive nuclei was equivalent to the number of cells lost in the absence of VEGF (supplementary material Fig. S1C ).
To help assess the possible mode of cellular death, we performed microarrays on KD-NT and KD-VEGF cells to assess global changes in transcriptional. A database for annotation, visualization and integrated discovery (DAVID) analysis revealed downregulation of Golgi-and blood-vessel gene clusters (supplementary material Fig. S2A,B) , and significant upregulation of a strongly represented mitochondrial gene cluster that shows a predominance in structural and housekeeping genes (Fig. 3A) . This finding prompted us to examine mitochondrium structure and function in KD-NT and KD-VEGF cells. Staining with HDP60 in KD-NT cells, revealed the characteristic tree-like morphology of mitochondria that is typical for endothelial cells; in contrast, KD-VEGF cells showed drastic mitochondrial fragmentation (Fig. 3B) . However, total levels of mitochondria were unchanged when VEGF was deleted, as shown by western blot analysis of HSP60 (Fig. 3C ). The strong representation of mitochondrial structural and housekeeping genes (such as MRPL42, MRPL52, HIBCH, VPS25) suggests a possible compensatory mechanism where the cell may be attempting to counteract mitochondrial fragmentation.
One pathway of particular interest is that of cardiolipin synthesis and transport, which is represented by two of the top ten mitochondrial genes with the greatest fold-change in expression. Cardiolipin is a mitochondrium-specific glycerophospholipid that prevents apoptosis in several ways, including sequestration of cytochrome c in the mitochondrial inner membrane (Potting et al., 2013) . HCLS1 is a synthase involved in the final step of cardiolipin synthesis (Chen et al., 2006) and TRIAP1 is a p53-regulated factor that is involved in the transfer of cardiolipin into the inner mitochondrial membrane (Potting et al., 2013) . Interestingly, levels of MTX2, a protein that may act to sequester Bak from inducing apoptosis, are also increased (Cartron et al., 2014) . The strong upregulation of these factors suggests an attempt to strengthen the mitochondrial membrane.
Based on the evident alteration in mitochondrial homeostasis, we evaluated the metabolic status of WT and KO-VEGF endothelial cells. Absence of VEGF resulted in a reduction of metabolic activity, in that glucose uptake, lactate production and triglyceride synthesis were all decreased ( Fig. 3D ,E,H). Suspecting additional metabolic effects, we investigated cellular oxygen consumption and mitochondrial respiratory capacity. Our findings indicate an overall depression of mitochondrial function (Fig. 3F,G) . Furthermore, except for the case of triglyceride synthesis, all of these phenotypes manifested during both serum starvation and in the presence of serum, which frequently -but not in this case -compensate for small metabolic defects with an abundance of nutrients ( Fig. 3D-H) . Together, these results suggest that autocrine VEGF maintains normal metabolism in endothelial cells, without which the endothelium is challenged to survive.
Endogenous VEGF suppresses autophagic cell death
A common compensatory mechanism in dying cells attempting to mitigate life-threatening metabolic needs is to obtain nutrients through increased autophagy. We observed a marked increase in autophagic vacuoles in KD-VEGF HUVECs suggesting overactivation of autophagy (Fig. 4A,B) . Although autophagic vacuoles were observed in a subset of KD-NT cells (Fig. 4Aa ,Ac), the total number of cells with autophagic vacuoles was greater in the KD-VEGF population ( Fig. 4Ad-Af) . Biochemically, we saw an increase in total LC3A, which indicates an overall increase in autophagic activity in KD-VEGF cells (Fig. 4C,D) . We did not, however, observe increased turnover of LC3AI into LC3AII, suggesting that, although the number of autophagic vacuoles is increased, the rate of autophagic flux is unchanged on a per-vacuole basis (Fig. 4E) .
To determine whether increase in autophagy occurred in vivo, we examined the ultrastructure of WT and VEGF-ECKO littermate control endothelium and compared the prevalence of autophagic vacuoles. EM images of in vivo micro-vasculature were examined for double-membrane structures characteristic of autophagosomes, or multi-membrane structures characteristic of later-stage autolysosomes (Mizushima et al., 2010) . VEGF-ECKO endothelium had a higher incidence of autophagic vesicles that were not readily observed in WT endothelium (Fig. 4F ). It is also interesting to notice the ultrastructure of VEGF-ECKO endothelium, which shows abundant cellular blebbing in contrast to its WT counterpart endothelium (Fig. 4F) .
Because increased autophagy contributes to cell death in some contexts (Zhao et al., 2010) , we inhibited the autophagic pathway and checked for rescue of cell death in KD-VEGF cells. We found that both silencing of the Atg7 gene as well as pharmacologically blocking it with chloroquine (which inhibits lysosome acidification and fusion with autophagosomes) resulted in significant rescue of KD-VEGF cell death (Fig. 4G,H) . Thus, disabling autophagy significantly increases cell survival in mutant cells, suggesting that autophagic cell death directly contributes to the KD-VEGF phenotype. 
Depletion of VEGF increases protein levels of transcription factor FOXO1
Forkhead transcription factors have been linked to autophagy, metabolic regulation and exogenous VEGF signaling (Eijkelenboom and Burgering, 2013) . Therefore, perturbation of these pathways prompted us to directly investigate the status and activity of FOXO1 in the absence of VEGF. Increased total FOXO1 protein levels were, indeed, observed in KD-VEGF cells by western blotting (Fig. 5A,B) and immunofluorescence ( Fig. 5D-G) , although little change was observed in the levels of Foxo1 transcripts (supplementary material Fig. S3D ). Suppression of VEGFR2 signaling by treatment with SU4312 also resulted in an increase of FOXO1 protein levels (Fig. 5C ). Transcriptionally active FOXO1 was found translocated to the nucleus, but FOXO1 could also directly contribute to autophagy by cytoplasmic localization (Zhao et al., 2010) . We quantified FOXO1 localization in fluorescent images and observed an increase in both nuclear and cytoplasmic localization in KD-VEGF cells, with the larger proportion of FOXO1 observed in the cytoplasm (Fig. 5F,G) .
We assessed the transcriptional activity of FOXO1 through evaluation of its target genes by using microarray and RT-PCR analysis. The findings indicate that a subset of direct FOXO1 target genes were increased in KD-VEGF cells, including Cited2, Sod2 and Sepp1 (supplementary material Fig. S2C ). However, other previously reported FOXO1 target genes, such as Id2 and Ccnb2, were not affected in KD-VEGF cells (supplementary material Fig.  S3F ). This result might indicate a context-dependent FOXO1 transcriptional program or, alternatively, that the contribution of FOXO is cytoplasmic rather than nuclear. 
RESEARCH ARTICLE
Journal of Cell Science (2015 Science ( ) 128, 2236 Science ( -2248 Science ( doi:10.1242 Because FOXO1 activity and stability is regulated by Akt, JNK and AMPK pathways in other systems, we investigated the status of these pathways in KD-VEGF cells (supplementary material Fig. S4 ). We were unable to detect any significant changes in these pathways, suggesting that they do not participate in the FOXO1 stability that is observed in the absence of VEGF. FOXO1 is phosphorylated at a comparable rate in KD-NT and KD-VEGF cells (supplementary material Fig. S4D ), suggesting that -although overall FOXO1 protein levels are increased -its activation remains stable.
We next investigated the status of FOXO1 in VEGF-ECKO animals that developed in the prolonged absence of autocrine VEGF. Although we found constitutive expression of FOXO1 in the smooth muscle layer surrounding vessels in the lung (Fig. 5H, arrows) of WT mice, the transcription factor was conspicuously absent from the endothelium (Fig. 5H, asterisks) . However, in VEGF-ECKO mice, FOXO1 was distinctly expressed in the endothelial layer in addition to its presence in smooth muscle cells (Fig. 5H, arrowheads) , again in sharp contrast to WT littermates (Fig. 5H, asterisks) .
FOXO1 knockdown rescues mitochondrial deregulation
To identify the transcriptional relationship between FOXO1 and VEGF, expression microarrays were performed on control HUVEC, KD-VEGF and double-knockdown KD-VEGF+FOXO1. We found that expression levels of a subset of genes whose expression was significantly changed under KD-VEGF conditions were restored to wild-type levels in two specific patterns. Expression pattern 1: genes that were upregulated under KD-VEGF conditions and then downregulated under conditions of KD-VEGF+FOXO1 ( Fig. 6A,B ; supplementary material Table S1 ) and, expression pattern 2: genes that were downregulated under KD-VEGF conditions and then upregulated under conditions of KD-VEGF+ FOXO1 ( Fig. 6C,D ; supplementary material Table S2 ).
To identify cellular functions that are dependent on FOXO1 at transcriptional level, we processed the gene sets comprising expression patterns 1 and 2 by using DAVID analysis. Among many rescued gene clusters (full lists of rescued gene clusters can be found in supplementary material Tables S3,S4), we found rescue of the strongly represented mitochondrial cluster on one hand, as well as a reversal of the expression patterns of cell-cycle gene clusters on the other hand (Fig. 6E,F) , which may indicate a reversal of cell cycle arrest and metabolic distress.
Signaling pathways, such as Akt and AMPK, that are typically associated with FOXO1 were found to be unchanged under KD-VEGF conditions (supplementary material Fig. S4 ). However, further investigation revealed that KD-VEGF had an unexpected effect on the mTOR pathway, in particular a significant reduction in total Rictor protein levels (Fig. 6G) . Rictor is one of the crucial components of mTORC2, which have been shown to contribute to the regulation of FOXO1 (Guertin et al., 2006) . In fact, siRNA-mediated knockdown of FOXO1 (KD-FOXO1) had no effect on Rictor protein levels, and KD-VEGF+FOXO1 was unable to rescue Rictor protein (Fig. 6G) , indicating that Rictor is upstream of FOXO1.
Cell death due to VEGF depletion is rescued by reduction of FOXO1
Because the absence of VEGF in the endothelial compartment induces FOXO1 activity, we assessed whether FOXO1 contributed in any way to the KD-VEGF cellular phenotype. To test this hypothesis, we performed a double knockdown, targeting both Fig. 6 . Knockdown of FOXO1 rescues a subset of deregulated genes but does not rescue changes to the mTOR pathway. Z scores of microarray expression values were generated for each gene, and group-statistical means were plotted to assess the trend of changes in expression for KD-VEGF and KD-VEGF+KD-FOXO1 that were rescued compared to controls. Among the probes that were significantly changed between groups, we identified probes with (A,B) increased expression in KD-VEGF and decreased expression in KD-VEGF +KD-FOXO1 ( pattern 1), and (C,D) probes with decreased expression in KD-VEGF and increased expression in KD-VEGF+KD-FOXO1 ( pattern 2). Significantly rescued genes were subject to DAVID analysis, and heatmaps were generated from two selected GO clusters for (E) mitochondria and (F) cell cycle genes. (G) The effects of KD-FOXO1 rescue on the mTOR pathway were analyzed by western blot probing for Rictor, Raptor and mTOR.
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Journal of Cell Science (2015 Science ( ) 128, 2236 Science ( -2248 Science ( doi:10.1242 VEGF and FOXO1 (KD-VEGF+FOXO1) in confluent HUVECs, and assessed cell numbers as a readout for survival (Fig. 7A,B) . Depletion of FOXO1, indeed, significantly rescued the cell death observed in KD-VEGF alone (Fig. 7B ). Double knockdown of VEGF and FOXO1 did not interfere with VEGF suppression (supplementary material Fig. S3A ).
To test whether depletion of FOXO1 increased cell survival in a parallel pathway, we also evaluated single KD-FOXO1 and observed no significant effect compared to the KD-NT condition (Fig. 7B) . Interestingly, incorporation of a constitutively active FOXO1 (Ad-FOXO1CA) to KD-NT causes only a modest decrease of approximately 20% in cell survival (Fig. 7C) , whereas similar treatment to KD-VEGF results in severe cell death, resulting in approximately 60% cell demise (Fig. 7D) , suggesting that FOXO1's activity requires a KD-VEGF background.
Because the microarray and cellular readouts indicate a reversal of the metabolic and cell-death defects seen under KD-VEGF conditions, we next determined whether overactive autophagy was reversed. To assess the role of FOXO1 in KD-VEGF autophagy, we measured autophagic vacuoles under the rescue condition. We found that KD-VEGF/FOXO1 did, indeed, reduce autophagic vacuoles in KD-VEGF to WT levels (Fig. 7D ).
DISCUSSION
In this study, we investigated the cellular and signaling functions of autocrine VEGF and, in the process, identified unique features of intracellular VEGF function. We showed that the presence of endothelial VEGF provides integrity to the vasculature in hypoxic conditions in vivo, without which intestine, brain and heart are susceptible to vascular lesions and hemorrhages from small vessels. The micro hemorrhages observed in VEGF ECKO mice are likely to be a reflection of focal disruptions of the vasculature due to endothelial cell death, as shown in vitro. Importantly, we found that induced deletion of VEGF in the adult endothelium (after WT developmental conditions) causes sudden death in a significant proportion of mutant mice. These results indicate that baseline levels of VEGF in the endothelium are required to support homeostasis of the vasculature. Through a series of microarray analysis, cell signaling and metabolic evaluations, we demonstrated that intracrine VEGF signaling is necessary for endothelial cell survival as KO-VEGF cells can only be rescued by intracellular delivery of VEGF.
At the cellular level, we found that inactivation of VEGF results in mitochondria fragmentation, suppression of cell metabolism, and autophagic cell death. These cellular phenotypes are mediated by FOXO1, which is robustly stabilized in the absence of VEGF. Strikingly, when FOXO1 is removed from VEGF-deficient endothelium, autophagic cell death is rescued, suggesting that the main action of autocrine VEGF is to regulate FOXO1 levels to maintain cellular homeostasis. The effect is likely to be mediated by TORC2, because Rictor is significantly reduced in the absence of intracrine VEGF.
The present study demonstrates that endothelial cell-autonomous VEGF is essential for normal metabolic functions and survival of the endothelium. Our data further indicate that VEGF in the endothelium is required to maintain low FOXO1 protein. In the absence of endogenous VEGF, FOXO1 is increased in the nucleus and cytoplasm, depressing endothelial metabolism and increasing autophagic activity. These findings were further substantiated with transcriptional data that show widespread changes in mitochondrial function and cell cycle that were largely corrected when FOXO1 levels were decreased (readjusted) in KD-VEGF cells. In addition, endothelial cell death in the absence of cell-autonomous VEGF was also rescued through reduction of FOXO1. Overall the data suggest an important biological link between these two pathways in the maintenance of endothelial cell metabolism and survival.
It has been previously shown that exposure of endothelial cultures to VEGF results in deactivation of FOXO1 (Abid et al., 2004) , but maintenance of FOXO1 levels through the VEGF pathway was not suspected. FOXO1 is a member of the forkhead family of transcription factors that has been shown to regulate cell cycle progression, reduction of metabolism and response to cell stress (Eijkelenboom and Burgering, 2013) . Although high levels of VEGF signaling ultimately leads to FOXO1 degradation, the presence of FOXO1 modulates endothelial responses to VEGF. FOXO1 is, in fact, crucial for proper endothelial signaling cascades in response to VEGF (Zhuang et al., 2013) , and contributes to the expression of a set of genes induced by VEGF (Abid et al., 2006) . Under homeostatic conditions in vitro, FOXO1 regulates a distinct set of vascular angiogenic genes that suppresses the angiogenic response of the endothelium (Potente et al., 2005) . In vivo, FOXO1-deficient mice die at E11 from vascular defects (Furuyama et al., 2004) and fail to respond properly to treatment with exogenous VEGF. However, a role for this pathway in the maintenance of endothelial cell homeostasis and metabolism in the adult had not been suspected.
Mechanistically, we showed that absence of VEGF results in an increase in total and activated FOXO1. Moreover, we found that the endothelium of VEGF ECKO mice expresses high levels of FOXO1 in vivo, indicating an important regulatory loop. Cell demise was rescued in VEGF-ECKO cells by simply decreasing the levels of FOXO1, indicating that this is the main event that triggers cell death downstream of VEGF.
FOXO transcription factors are known to regulate mitochondrial function (Ferber et al., 2012) , cell metabolism (Hirota et al., 2008) and autophagy (Zhou et al., 2012; Zhao et al., 2007) in several cell types, but these effects of FOXO have not been clearly linked to VEGF signaling in the endothelium. Only recently, VEGF-mediated activation of cell surface receptors has been associated with suppression of FOXO1 (Zhuang et al., 2013) . Our data expand these findings to include a feedback regulatory loop of intracrine VEGF on FOXO1 levels but also raise several additional questions. How does intracrine VEGF regulate FOXO levels? The results presented here suggest mTORC2 to be a likely effector. mTORC2 is one of the two complexes of mTOR, a serine/threonine kinase that controls multiple metabolic processes, such as energy production, protein and lipid synthesis, and responses to cell stress (Zoncu et al., 2011; Bhaskar and Hay, 2007; Laplante and Sabatini, 2012) . TORC2 has been shown to regulate FOXO1 (Guertin et al., 2006) and control autophagy (Vlahakis and Powers, 2014) . Interestingly, mTORC2 also regulates multiple aspects of mitochondrium physiology (Tan et al., 2014) . Thus, Rictor might be the focal point of VEGF deficiency; however, additional experiments are still needed to fully support this thesis.
FOXO1 acts as a main regulator of physiological glucose homeostasis throughout the body and is well known as a target of insulin signaling that suppresses its activity through the PI3K/Akt pathway (Kousteni, 2012) . At cellular level, FOXO1 regulates the opposing metabolic processes of glycolysis and glucogenesis (Hirota et al., 2008) , and targets a myriad of genes directly involved in metabolic processes, such as PDK4 (Furuyama et al., 2003) , glucose-6-phosphatase and phosphoenolpyruvate carboxykinase (van der Vos and Coffer, 2011) . In this study, we found that depletion of cellautonomous VEGF increases FOXO1 activation and suppresses cellular metabolic flux in terms of glycolysis, mitochondrial respiration and fatty acid synthesis. FOXO transcription factors have been shown to induce autophagy, promoting survival during metabolic stress in hematopoietic stem cells (Warr et al., 2013) and in cardiomyocytes (Hariharan et al., 2010) . However, autophagic cell death was also observed as a result of FOXO signaling in pathological settings, such as muscle atrophy (Zhao et al., 2008) . Non-canonical (not transcriptional) functions of FOXO1 in autophagy have also been described. In particular, cytoplasmic FOXO1 has been shown to induce autophagic death through direct binding of the autophagic protein Atg7 in cancer cells -a function entirely independent of its DNA-binding ability (Zhao et al., 2010) . We observed an increase in both cytoplasmic and nuclear levels of FOXO1 in KD-VEGF cells that allows both direct cytoplasmic pro-autophagy signaling as well as transcriptional effects. In our studies, FOXO1 suppressed the autophagic phenotype exhibited by KO-VEGF cells but, constitutively active FOXO1 alone, does not cause cell demise. Therefore, VEGF promoted additional changes in the biology of the endothelium that sensitized the endothelium to alterations in FOXO1 levels.
It should be stressed, however, that our findings strongly suggest alternative effects of VEGF in targets other than FOXO1. In fact, our transcriptional data indicate that other genes are deregulated upon VEGF decrease, and some of these were not rescued by a decrease of FOXO1. Furthermore, as previously discussed, although a reduction in FOXO1 rescues VEGF depletion, we are unable to induce cell death to the same degree as observed in VEGF-null endothelium. This indicates that VEGF alters additional pathways that control survival, and that FOXO1 is a crucial trigger, but only in the context of a previously sensitized endothelium. The effects of VEGFdepletion in mitochondrium fragmentation might be such a 'sensitized' condition.
Overall, the findings presented here indicate that cellautonomous VEGF is required for the regulation of endothelial cell metabolism and autophagy in fully differentiated cells. This function adds to the long list of contributions of this signaling pathway to endothelial biology and provides a call to caution to pharmacological treatments that promote long-term suppression to the VEGF signaling pathway.
MATERIALS AND METHODS
Materials
In all cases, human VEGF isoform 165 (hVEGF165; simply referred to in the text as VEGF) was used. hVEGF165 and the B20 anti-VEGF antibody (Liang et al., 2006) were provided by the NIH Repository, Genentech (San Francisco, CA) and used as rVEGF at 100 ng/ml unless otherwise indicated. Antibodies against human VEGFR2, phosphorylated VEGFR2 at residue Tyr1175, cleaved and whole caspase 3, GAPDH, FOXO1 and Rictor were from Cell Signaling. Antibodies against γ-tubulin and SU4312 were obtained from Sigma-Aldrich. Cell viability was determined by using cell counting kit-8 (CCK-8 kit, Dojindo Molecular Technologies) as described previously (Lee et al., 2007) . The Cyto-ID Autophagy detection kit was used to label autophagic vesicles (Enzo Life Sciences).
Generation of mice and cre induction
Generation of floxed-VEGF (Gerber et al., 1999) and inducible VEcadherin-Cre (VE-Cad-iCre) mice have been previously described (Monvoisin et al., 2006) . These mouse lines were interbred to produce homozygous floxed-VEGF/VE-Cad-iCre mice that were induced to excise endothelial VEGF following treatment with tamoxifen. Tamoxifen was administered for 6 days by daily gavage and injections starting at 10 weeks of age and mice were monitored for lethality.
Hypoxia treatment of mice
Prior to treatment, mice were housed in standard polypropylene cages in a room maintained at 25°C, and allowed full access to food and water. All animals were housed in a pathogen-free environment within an AAALACapproved vivarium at UCLA, and experiments were performed in accordance with the guidelines of the Committee for Animal Research.
The mice were randomly assigned to one of the experimental groups per genotype: (1) control group (ten Cre-negative mice and seven Cre-positive mice) maintained under normoxic conditions; (2) experimental group (15 Cre negative mice and 15 Cre positive mice) exposed to hypoxia for 1 week followed by normoxia for 2 weeks and additional hypoxia for 2 weeks. Humidity in the chamber was maintained at 40-50% and temperature at
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Journal of Cell Science (2015) 128, 2236-2248 doi:10.1242/jcs.163774 22-24°C. All groups were induced in custom-built chambers (Oxycycler model X, Biospherix, Redfield, NY) connected to a supply of O 2 and N 2 . A computer was programmed to maintain the partial pressure (tension) of oxygen ( pO 2 ) at 8%. The intermittent hypoxia procedure used in the study reduced oxygen saturation by 60%. For the treatment, the pO 2 gradually decreased to reach the target level. After exposing the animals to the decreased pO 2 for 1 week, the pO 2 was gradually increased to reach the normal level in about 4 h. The chambers were cleaned daily. For the normoxic control, animals were kept in the chamber circulated with room air for the identical corresponding period.
Cell culture
Human umbilical vein endothelial cells (HUVECs; VEC Technologies), human dermal microvascular endothelial cells (HDMEC; gift of Joyce Bischoff), and hemangioma endothelial cells (HemECs; gift of Joyce Bischoff) were cultured in complete MCDB131 medium (VEC Technologies). Primary endometrial epithelial cells (Endo. Epithel), Human umbilical mesenchymal stem cells (HUMSC) and myofibroblasts were cultured in DMEM with 10% FBS. Primary mouse endothelial cells were isolated from adult VEGF-ECKO as described previously (Lee et al., 2007) . IMECs were derived from homozygous flox-flox VEGF mice crossed with mice of the Immortomouse line (Charles River Labs) and harvested from the lung as previously described (He et al., 2012) . Floxed-VEGF was excised by adenoviral delivery of Cre protein as described previously (Chen et al., 2010) , and then checked for complete excision by genomic PCR. IMECs were cultured under immortalized conditions in DMEM supplemented with 100 U interferon-γ at 33°C. After expansion, IMECs were cultured under standard conditions (37°C in MCDB131 with 10% FBS) to inactivate the immortalization promoter, passaged one to four times and used for experiments.
VEGF ELISA
Human VEGF Quantikine ELISA kits (R&D Systems) were used to assess VEGF in the lysate and medium of confluent cells in 6-well plates. Confluent cells were incubated with 0.65 ml for 24 h, then this medium was collected and the remaining cell layer was lysed with 0.15 ml RIPA buffer [50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, 1 mM sodium orthovanadate, 10 mM glycerophosphate, and protease inhibitors 1 mM phenyl-methanesulfonylfluoride (PMSF), complete EDTAfree protease inhibitor tablet (Roche)]. Cell lysates were scraped into tubes, incubated under agitation at 4°C for 30 min, then centrifuged at 20,000 g for 20 min at 4°C. Total medium and lysate samples were loaded onto the ELISA as per manufacturer's instructions, and the total amount of VEGF in pg per well was calculated from VEGF pg/ml values.
Incucyte live cell imaging
For cell death assays, IMECs were grown to confluence in 96-well plates then treated with 0.1 μM YOYO-1 (Essen Bioscience) in serum-free medium as per the manufacturer's instructions, with images collected every 2 h. Thresholds were set so that a single fluorescent nuclei was counted as an 'object' band, cell death events were estimated by percent coverage of the confluent plate or 'object confluence', as extrapolated by the Essen Bioscience software. The mean of the data was calculated and plotted by using Essen Incucyte software.
Transfection of siRNA
Confluent HUVECs were transfected twice (on days 1 and 3) with 20 nmol of siRNA oligonucleotides by using siPORT amine transfection reagent (catalog number AM4503; Ambion) in serum-free medium (optiMEM I; Invitrogen). Cells were analyzed by western blotting, RT-PCR, microarray or for cell count on day 5 unless otherwise indicated. Oligonucleotides used: siGENOME human VEGFA (7422) siRNA, ON-TARGETplus human FOXO1 (2308) siRNA -SMARTpool, ON-TARGETplus non-targeting siRNA #1 (KD-NT) (Thermo Scientific).
Real-time reverse transcriptase (RT)-PCR
RNA was isolated and amplified as described previously (He et al., 2012 (Kim et al., 2011) ; NDRG4 5′-ggccttctgcatgtagtgatccg-3′, 5′-ggtgatctcctgcatgtcctcg-3′ (Ding et al., 2012) ; ESM1 5′-aaggctgctgatgtagttc-3′, 5′-gctatttatggaagtgtatgtgttt-3′ (Kim et al., 2012) ; TAGLN 5′-aagaatgatgggcactaccg-3′, 5′-actgatgatctgccgaggtc-3′ (Chen et al., 2011) .
Viral transduction
Cells were infected overnight with Lentiviral-VEGF164 or control Lentiviral-YFP at a p24 titer of 0.16 μg in serum-free medium with protamine sulfate (4 μg/ml). Adenoviral infection was performed as described previously (Chen et al., 2010) .
Western blots
Endothelial cells were preincubated for 5 min with 100 μM Na 3 VO 4 to inhibit phosphatase activity and then harvested for total protein in RIPA buffer as for the 'VEGF ELISA'. Equivalent levels of protein, determined using the DC protein assay reagent (Bio-Rad Laboratories) were separated by SDS-PAGE, transferred to nitrocellulose membranes (Bio-Rad), probed with indicated antibodies, detected by Supersignal West Pico Chemiluminescent Substrate (Pierce Biotechnology), and quantified by densitometry using Image Lab.
Metabolic measurements
Glucose consumption and lactate production were measured using the Bioanalyzer 4 (Nova Biomedical). Cells were seeded at 150,000 cells per well in triplicate. Fresh medium with or without 10% FBS was added to the wells 24 h after seeding, and glucose depletion from and lactate addition to the culture medium over the following 24 h period were determined. Values were normalized to cell numbers and time intervals.
Basal oxygen consumption rates and mitochondrial respiratory capacity were measured using the XF24 Extracellular Flux Analyzer (Seahorse Bioscience). Cells were seeded at 62,500 cells per well in a 24-well plate 48 h prior to assay, and medium with or without 10% FBS was renewed 24 h prior to assay. Values were normalized to total the protein content using the BCA Protein Assay Kit (Pierce). Triglyceride synthesis was measured as previously described (Castellani et al., 2008) .
Microarray analysis
Illumina gene expression data were normalized using the quintile normalization method. Normalization and quality control were performed by using the 'lima' iR package (Smyth, 2005) . We filtered out noise range probes by requiring that probes have at least two significant (P<0.05) detections within the triplicates of at least one experiment group. This resulted in retaining 20,003 probes out of 47,217 for the inferential analysis. Empirical Bayes moderated t-tests (Smyth, 2004) were performed to compare expression between genes expressed in control and KD-VEGF cells. Z scores of expression values were generated for each gene, and group means were plotted.
DAVID analysis was performed only on genes showing significantly different expression (P<0.05) with log-fold changes >1 between KD-NT and KD-VEGF to create 'upregulated' GO clusters. Similarly, DAVID analysis was performed on genes showing significantly different expression with log-fold changes <1 to create 'downregulated' GO clusters.
To pick gene clusters that fit expression pattern 1, DAVID analysis was performed on the set of genes that were significantly upregulated in KD-VEGF compared to control, and significantly downregulated in KD-VEGF+ FOXO1 compared to KD-VEGF. The list of genes that fit pattern 2 was created using the opposite expression patterns. DAVID analysis was performed on these lists of genes and GO clusters were made into heat-maps using z-scores of expression values.
Statistical analysis
Differences between groups were evaluated using one-way ANOVA followed with Tukey's post-hoc multiple comparison test. Selected
2246
RESEARCH ARTICLE
Journal of Cell Science (2015 Science ( ) 128, 2236 Science ( -2248 Science ( doi:10.1242 biologically interesting P-values are reported. Data pairs were compared by using two-tailed Student's t-test. Survival curves were constructed using the Kaplan-Meier method and were compared between groups with the log rank test. All analyses were performed using Prism (v4.0c; GraphPad Software) unless otherwise indicated. P-values of <0.05 were considered significant.
Immunocytochemistry and confocal microscopy
Endothelial cells were grown to confluence on coverslips in 6-well plates and transfected as above. For autophagy, wells were treated with Green Autophagy Detection reagent and Hoechst 33342 nuclear stain (Cyto-ID Autophagy detection kit; Enzo Life Sciences) for 30 min at 37°C. The cells were then washed and fixed in 3% PFA for 15 min. For FOXO1 and Hsp60 cell staining, cells grown on coverslips were fixed for 15 min in 3% PFA. The coverslips were incubated overnight in polyclonal anti-FOXO1 or anti-Hsp60 antibody followed by incubation with anti-rabbit Alexa Fluor ® 488 for 1 h. Nuclei were counterstained with DAPI.
For staining in histological sections, adult lungs were fixed overnight in 2% PFA and embedded in paraffin. Antigen retrieval was achieved by a combination of proteinase K treatment and Tris-EDTA epitope retrieval. Sections were incubated overnight in polyclonal anti-FOXO1 antibody followed by HRP-conjugated anti-rabbit for 1 h. Signal amplification was achieved by using Molecular Probes ® TSATM Kit, catalog number 22. Nuclei were counterstained with DAPI.
All slides were mounted in Mowiol Figure S1 shows a lack of apoptosis by several methods: western blots detecting cleavedCaspase 3 and cleaved-PARP, and TUNEL staining for nicked DNA. Figure S2 shows representative gene clusters from DAVID analysis of genes down-regulated in KD-VEGF (blood vessel, Golgi) as well as a "Foxo1 target" cluster assembled from the literature. Figure S3 shows microarray validation and changes in Foxo1 target genes in KD-VEGF conditions by RT-PCR. Figure S4 investigates possible upstream signaling pathways that may contribute to Foxo1 stability. Table S1 and S2 provide a detailed list of the top ontological clusters derived from the list of genes most changed between KD-VEGF and KD-NT HUVECs in an RNA microarray. Table S3 and S4 provide the top clusters derived from the list of genes responding to Foxo1 rescue following "Expression Pattern 1" (Table S3 ) and "Expression Pattern 2" (Table S4 ). of several genes of interest showed that decrease in VEGF levels was maintained over several days, Foxo1 levels remained largely unchanged, and VEGFR-2 levels were drastically increased.
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